In a previous study we showed that the shortened MUC1 mucin peptide GVTSAPD could bind monoclonal antibody (mAb). We proceeded on to make a cyclic peptide of the same sequence to see if it would be more effective in binding antibody. We were able to synthesize and isolate two different cyclic mucin peptides: 1) a monomer cyclic peptide with sequence GVTSAPD which we did not study due to difficulties in achieving homogeneity, and 2) a dimer cyclic peptide with sequence GVTSAPDGVTSAPD that was successfully isolated and studied. We describe here the results of the dimer cyclic peptide-antibody interactions obtained by Saturation Transfer Difference NMR (STD-NMR). The results indicated that the protons of all residues experienced STD effects, notably being more pronounced at Pro, Val, Ala and Asp compared to the linear peptide GVTSAPD. The Pro residue exhibited STD peaks for all its side chain protons with stronger intensity at ProHγ while Ala, Val and Thr are localized to methyl groups.
INTRODUCTION
The mucin protein, encoded by the MUC1 gene, is an epithelial transmembrane glycoprotein of which the extracellular domain exhibits a repeating 20 amino acid sequence (GVTSAPDTRPA-PGSTAPPAH) known as the Tandem Repeat Domain (TRD).
1- 3 The TRD contains five O-linked glycosylation sites (underlined) to which the attached carbohydrates aid in carrying out the normal cellular functions of MUC1 mucin, which includes binding of pathogens as a protective system, cell signaling, and lubrication/hydration of the epithelial surfaces.
1, 2 Studies have shown that the MUC1 mucin amino acid sequence of cancer and normal cells of the epithelia are identical.
2
Human adenocarcinomas exhibit overexpression of MUC1 mucin of truncated oligosaccharide structures at the TRD region which makes it distinguishable from normal epithelial cells.
1-5 These discoveries are significant to the extent that reduced glycosylation of MUC1 mucin allows access of the TRD to the immune system producing low level immunity.
6,7 Expression of MUC1 mucin and its glycosylation content of the TRD have been studied extensively and suggested to hold high therapeutic potentials against cancers.
8,9
The structural differences between the two forms of MUC1 mucins have generated interest and led effort in utilizing MUC1 mucin in immunotherapy of cancer.
10, 11 It has been reported that antibody responses specific for MUC1 mucin have been detected in patients of breast, pancreatic and ovarian cancers, and other studies have discovered a binding site of these antibodies to the MUC1 mucin to be at the sequence PDTRP at the TRD.
2- 4 In a previous study we have determined that the linear sequence GVTSAPD is also capable of binding to mAb (6A4) from mouse with significant interactions at the proline residue.
12, 13 This demonstrates that the mAb raised against specific antigen epitope can interact with peptides with similar structure to its binding interface, and that
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www.ajuronline.org absolute specificity is not a requirement, which may offer, as a general strategy, more room for improvement in the design of variety of antigenic agents to induce the same kind but more effective immunity in the area of MUC1 mucin based cancer immunotherapy. In an attempt to develop a mucin peptide epitope that can interact effectively with MUC1 mAb that may potentially be capable of inducing sufficient immunity without being compromised by cellular enzymatic reactions, we proposed to design cyclic peptides and other non-natural amino acid peptide derivatives based on the known antigenic sequence of the MUC1 mucin. Cyclic peptides based on known epitope sequence may give increased peptide-antibody affinity, which may afford them as additional antigenic agents. Herein we report the synthesis and preliminary results of the antibody binding properties of a cyclic dimer peptide, which has its sequence repeated twice based on the sequence GVTSAPD.
ABBREVIATIONS
DCM, dichloromethane; DIPEA, diisopropylethylamine; DMF, dimethylformamide; Fmoc, N-α-9-fluorenylmethoxycarbonyl; HBTU, O-(Benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate; HOBt, N-hydroxybenzotriazole; ODmab, 4{N-[1-(4,4-Dimethyl-2,6-dioxo-cyclohexylidene)-3-methylbutyl]-amino}benzyloxy; PyBOP, benzotriazole-1-yl-oxy-trispyrrolidino-phosphonium hexafluorophosphate; TIC, total ion current;Wang resin, p-alkoxybenzyl alcohol-linked Wang resin; u, m/z unit.
EXPERIMENTAL PROCEDURES

SPPS of Cyclic Mucin Peptide.
The peptide was synthesized via standard Fmoc-chemistry by Solid Phase Peptide Synthesis (SPPS).
14 For specific details on building the peptide chain and cleavage, see references 12 and 13.
12,13
The pre-loaded resin used was Fmoc-Asp (Wang resin LL)-ODmab (Novabiochem). After the entire sequence has been synthesized, the ODmab group protecting the α-carboxyl group at the C-terminus of the peptide was removed with 2% hydrazine (v/v) in DMF and then vacuum dried for cyclization. The cyclization reagents consisted of a mixture of 4x excess of resin of PyBOP, HOBt and 2x excess of DIPEA. The head-to-tail cyclization strategy was carried out for 24 hrs. Scheme 1 summarizes the general strategy for synthesis of the cyclic mucin peptide.
15,16
Asp Peptide was purified using a Varian Prostar HPLC. 12, 13 The method used a reverse phase preparative C 18 column (10x250 mm, 10 μm, Grace Vydac) with acetonitrile (ACN) as the organic mobile phase and monitored at 220 nm. The flow rate was set at 2 mL/min with a gradual increase in ACN from 0-35% at the 30 min. mark. Fractions were collected manually and freeze-dried for storage and subsequent NMR experiments. The buffers used in the HPLC were 1% ACN, 0.1% HOAc (acetic acid), 98.9% water (buffer A), and 1% water, 0.1% HOAc, 98.9% ACN (buffer B).
LC-MS Analysis.
The freeze-dried solid peptide sample was analyzed for presence of the desire product with an Agilent Mass Spectrometer (Agilent Technologies Time-of-Flight LC/MS 6210). The buffers used in the LC-MS analysis were the same as in HPLC. The conditions used in the LC-MS were: 0.5 mL/ min flow rate, 5-100% B in 20 minute buffer gradient, 20 min. acquisition time followed by a 4 min. post run, C 18 column (4.6x150 mm, 3.5 μm, ZORBAX Extend-C18) and ESI positive mode.
12,13
NMR Experiments.
All NMR experiments were performed using a 400 MHz Bruker Avance Spectrometer. Generally, peptide samples were at 3-5 mM, in 20 mM phosphate buffer, 5 mM NaCl, pH 5, 90% H 2O, 10% D 2 O, at 7°C. The 2D NMR (TOCSY and ROESY, Bruker TopSpin software v. 2.0.5) data were collected for proton assignments. The TOCSY data give the spin system of each amino acid residue; thus, 1 H-1 H connectivity through bond within each amino acid residue. The ROESY data allow for 1 H-1 H connectivity between the sequential amino acids as well as through space long range interactions between two 1 H's that may be close spatially within 5Å.
17,18
Suppression of H2O signal in the 2D NMR spectra was accomplished by the 3-9-19 WATERGATE pulse sequence with gradients applied at each cycle of the 2D TOCSY or ROESY pulse sequence.
19
The STD NMR technique was used to study the binding interactions of peptide ligand with antibody.
13,20, 21 Mixture samples of 0.01 mM of mouse Muc1 specific monoclonal antibody IgG1 (6A4 clone, Mr 122 kDa, Genway Biotech) with 1 mM of peptide ligand were used (peptide:antibody ratio = 100:1). The STD NMR data were collected with peptide-antibody mixtures made up in 20 mM phosphate buffer, 5 mM NaCl, pH 7, 100% D2O, at 7°C with presence of considerable HDO signal. At pH 7, the aliphatic 1 H NMR resonances do not deviate unambiguously from those at pH 5. In the STD NMR technique, two NMR spectra were collected; one with the on-resonance frequency set at -2 ppm where there are no peptide 1 H signals but antibody 1 H signals are present, and the other with the off-resonance frequency set at +40 ppm where there are no 1 H signals from either ligand or antibody. The saturation time was 2 s. The on-resonance spectrum intensity (ISAT) is subtracted from the off-resonance spectrum intensity (I0) to obtain the STD NMR spectrum (ISTD = I0 -ISAT); the amplification factor (A STD ) is calculated by the equation:
[L]t is the total peptide concentration and [P] is the antibody concentration. If there is any proton on the ligand that directly binds the antibody, it will show a positive STD signal; the proton closer to the antibody will receive more saturation transfer effect and its I STD peak intensity will be higher. 21 If the peptide does not bind the antibody (e.g., no 1 H's on the peptide experienced any saturation transfer effect), the resultant subtracted spectrum (STD spectrum) will have no signals (flat line).
16, 17 The STD NMR spectrum was used to identify which proton on which amino acid residue on the peptide has direct binding at the antibody binding interface.
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RESULTS
Synthesis.
Synthesis of the cyclic mucin peptide produced two major products of interest. The proposed reactions that led to the two peptides are illustrated on Scheme 2, where an intrachain head-to-tail reaction led to the monomer cyclic peptide (mass 627.31 Da), and an interchain head-to-tail reaction led to the dimer cyclic peptide (mass 1254.60 Da). HPLC purification following the synthesis of the mucin cyclic peptide produced three separate peaks at approximate retention times of 19.7, 23.6 and 34.0 min. Figure 1 shows the HPLC chromatogram of the crude peptide sample in which the cyclic monomer peptide and cyclic dimer peptide were isolated and purified. Subsequent LC-MS analysis of the collected pools of peaks a, b and c from HPLC (Figure 1, peaks a, b, and c) showed that these three peaks corresponded respectively to the cyclic monomer peptide of mass 628.31 Da (peak a), the cyclic dimer peptide of mass 1255.60 Da (peak b) and an elution peak (peak c) that contained no products of interest. There was no significant elution before the 20 min. mark as the amount of ACN being pumped through was relatively low. Most of the contaminants and unwanted side products eluted after the cyclic dimer peak at 24 min. when the amount of organic solvent being pumped through was over 30%. The peaks of interests (retention times 19.7 and 23.6 min.) were collected, freeze-dried and re-purified by HPLC a second time and their chromatograms showed a single peak with the expected retention times (data not shown) before they were used for later experiments. 
LC-MS Analysis.
LC-MS analysis of the crude peptide sample following synthesis showed the presence of two dominant masses in the finished product mixture. Figure 2 shows the chromatogram of the LC-MS analysis of the crude peptide ( Figure 2B ) and a purified dimer peptide (Figure 2A) . . The other peaks in the TIC did not contain any masses of interest and were accepted as contaminants or side products from the synthesis. The 1255.60 Da peptide collected from HPLC (from Figure 1, peak b) was reanalyzed by LC-MS and showed a major peak at the expected retention time of 9.25 min. (Figure 2A) . The ion at 1255.60 u could not have been made up of an adduct of two single cyclic monomers, which would also have the same m/z value of 1255.60 u ([2Mmonomer + H + ]=1255.60 u), because we have collected that peak from HPLC and have repurified it by HPLC the second time, and we did not observe an equilibrium of monomer-dimer adduct formation, instead we obtained only a single peak at the expected retention time. This was true in both cases when we used both purified samples and reran the HPLC and LC-MS. If the ion at 1255.60 Da was due to a dimer adduct of two cyclic monomers, we would expect the cyclic monomer peak to be present or increasing in the reruns of HPLC and LC-MS experiments, however these were not the case. It is not entirely unexpected to obtain dimer or oligomers during peptide chain cyclization, such cyclodimerization (or cyclo-oligomerization) had previously been observed.
16, 22 We obtained the cyclic dimer using the particular resin Fmoc-Asp(Wang resin LL)-ODmab (Novabiochem).
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To minimize dimer formation one could select a resin with lower equivalent of resin loading; however, in the present case, it is a blessing that a cyclic dimer peptide was formed and isolated and found to have more interactions with the antibody, which is a goal sought after.
NMR Results.
The peptide corresponding to a mass of 628.31 Da (Figure 2B, peak a) was not selected for antibody binding experiments or further 2D NMR experiments because after several trials of synthesis and HPLC re-purifications, while it eluted as a single peak, its 1 H 1D NMR spectrum always showed a set of more than four methyl groups present (i.e., eight methyl groups). This suggested a mixture of two enanteomeric peptides, most likely, due to epimerization, which could not be separated by the HPLC column used. The 1D NMR spectrum of the peptide corresponding to a mass of 1255.60 Da (Figure 2B, peak b) showed four set of methyl groups as expected for a dimer cyclic peptide in which one half of the molecule is identical to the other half but in reverse order. Thus, only the peptide corresponding to a mass of 1255.60 Da was selected for further experiments (i.e., antibody binding studies and 2D NMR experiments). Protons assignments were achieved by the 2D NMR TOCSY and ROESY experiments. Table 1 . 1 H chemical shifts of cyclic dimer peptide obtained from the TOCSY spectrum. Peptide concentration was 5 mM in 20 mM phosphate buffer, 5 mM NaCl, pH 5, 90% H2O, 10% D2O at 7 °C. Chemical shifts were referenced to the HDO peak set at 4.970 ppm at 7 °C.
We were able to successfully map out the peptide backbone NOE peaks by the 2D 1 H NMR ROESY data to confirm the correct amino acid sequence. Figure 3 shows the NOE sequential assignments of αHi-NH(i+1) along the peptide backbone. A unique strong NOE peak bridging the interaction between the GlyNH of chain 1 to the AspHα of chain 2 was observed (Figure 3) , attesting the presence of a cyclic peptide. In a linear peptide the NOE 'GlyNH of chain 1 to AspHα of chain 2' would not be observed because of the large distance between those two H's and broadening of the NH peak. Additionally, we observed a very weak NOE between the GlyNH and AspNH, further supporting the cyclic structure of the peptide. 2D NMR spectra of CHα-NH (top) and NH-NH (bottom) regions of cyclic dimer peptide with sequence cyclo-GVTSAPDGVTSAPD. Black color contours represent ROESY data and red color, TOCSY data. Cross-peaks between Hα's and NH's within each residue are indicated; in addition, a unique NOE peak bridging the interaction between adjacent Asp of chain 2 and Gly of chain 1 (AspHα-GlyNH) confirms the cyclic nature of this molecule (bold label). Arrows show the NOE sequential assignment of the peptide backbone starting with Asp and ending at Ala. Non-label peaks that are not in the backbone connectivity arose from NOE's within the same peptide and from spin systems that we believe were from a minor isomeric peptide. 1 H NMR spectrum of a mixture of cyclic dimer peptide (cyclo-GVTSAPDGVTSAPD) and mAb; (B) STD NMR spectrum of cyclic dimer peptide plus mAb; (C) 1 H NMR spectrum of a mixture of linear GVTSAPD peptide plus mAb; (D) STD NMR spectrum of linear GVTSAPD peptide plus mAb (spectra C and D are reprinted from reference 13 with the authors' permission); (E) Control STD spectrum of mAb in the absence of any peptide, only broad humps from the resonances of the mAb is observed; (F) Control STD spectrum of peptide in the absence of mAb; there are no mAbpeptide interactions, so no STD peaks observed. Peaks marked with "*" are contaminants.
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There arose more STD NMR peaks for cyclic dimer peptide than for the monomer linear peptide. In the αH-βH regions, the results showed clear saturation transfer effects to all the protons of the Pro residue, although the ProHα was overlapped with the αH's of Ser and Thr. Other clear saturation transfer effects occurred at AspHα, AspHβ, SerHβ, GlyHα, and the methyl groups of Ala, Val and Thr, but the intensity of the Thr methyl group was weaker than those of Ala and Val. The unambiguous peaks corresponding to the protons with the tallest STD NMR signals were from ValHγ, AlaHβ, AspHβ, ProHβ and ProHγ (Figure 4) . The Asp residue showed markedly enhanced STD peaks, which was not the case for the linear peptide. The intensities of the various STD peaks for all residues of the cyclic dimer peptide were higher than those of the linear peptide when comparing their amplification factor values. The total A STD value of Pro and Asp residues were higher than those of other residues.
DISCUSSION
The binding of specific monoclonal antibody to the linear sequence GVTSAPD was confirmed in a previous study.
12, 13 It is important to note that Pro6 in that peptide is crucial to the interaction between the peptide antigen and antibody. In this study, through STD NMR, we have determined that the cyclic dimer peptide with the sequence GVTSAPDGVTSAPD has antibody binding ability to Muc1 mAb (6A4) with all its residues. Examination of the STD NMR spectrum showed that there are STD peaks corresponding to most of the resonances of the normal 1 H NMR spectrum, indicating that most protons of the residues on the cyclic dimer peptide are interacting with the antibody. The STD NMR peak intensity where the resonance of AlaHα is centered is essentially zero. At the methyl group region, the STD NMR peak intensity of ThrHγ is weaker than those of Ala and Val. If there are no interactions occurring between the peptide and the antibody the STD spectrum would be a flat line without any peaks, and the higher the STD NMR peak intensity for a particular proton, the closer it is to the antibody. 21 Inspection of the two STD NMR spectra showed that the STD peaks arose from the cyclic dimer peptide are more pronounced than those from the linear monomer peptide, which suggests the protons of the cyclic dimer peptide are closer to the antibody at the binding interface. The fact that almost all of the protons of all amino acid residues experienced STD effects or are interacting with the antibody suggests that this peptide intercalates its whole self into the binding pocket of the antibody compare to the linear version of the peptide (GVTSAPD), where mainly the Pro residue and the methyl groups have interactions.
12, 13 This may mean that the binding of the cyclic dimer peptide to the antibody is more effective (the dipeptide increases the local concentration of the ligand at the mAb binding site, which can also lead to an increase in the signal; not necessarily due to increased affinity). This can be expected because the cyclic dimer peptide has the same sequence on both sides of its molecule in reverse order. Base on the higher STD peak intensities of the Pro side chain protons, it appeared that the Pro residue is situated closer to the antibody at the binding pocket than any other residues similar to previous finding for the linear peptide.
It has been previously confirmed from substituted peptides studies that proline is a crucial residue in antibody recognition for this particular sequence.
12, 13 On the cyclic dimer peptide, the Hβ and Hγ on proline displayed highest STD peaks suggesting that they are closer to the antibody binding interface or more accessible to it than the αH and δH (Figure 4, spectrum B) . A conclusion can be drawn from the STD peaks observed for Pro, Val, Ala and Thr that the binding of this peptide to mAb (6A4) favors a hydrophobic peptide-antibody interface. The side chains of Val and Ala are hydrophobic and contain no heteroatoms, which may explain the similar methyl STD peak intensities (or A STD values) between the two residues. On the other hand Thr, which contains a hydroxyl group on its β-carbon, has a side chain of lower hydrophobicity and displayed a lower STD peak intensity. This is consistent with the hypothesis that the antibody molecule prefers to interact with hydrophobic residues on the peptide chain. One striking contrast to this observation is the Asp residue. The side chain of Asp has a low degree of hydrophobicity yet it displayed a much more intense STD peak at the Hβ compared to the Thr CH 3 -group. The Asp side chain wouldn't be supported in a hydrophobic binding site, and therefore is expected to be oriented outside the suggested hydrophobic site. A possible explanation for this is the position of Asp preceded by Pro on the peptide chain, where its sequential location determines its binding property; additionally, a type of secondary structure formed on the cyclic peptide at this region that favors interaction with the antibody is not ruled out. Pro is an important residue in the binding interaction as all of its side chain protons displayed STD peaks. Because of this, Pro would be the residue that is physically nearest in contact with the antibody, and the residues flanking Pro in a cyclic peptide, such as Asp, could be fixed into a constraint that is preferred to interact with the antibody. A more dynamically limited Asp may favor the formation of intermolecular interactions with the antibody. A substitution of Asp for Ala may confirm the above suggested hydrophobic peptide-antibody interface. For the Gly residue, the two geminal protons are not equivalent; both experienced small saturation transfer effect and of about equal STD peak intensity, which suggests Gly is farther away from the binding American Journal of Undergraduate Research www.ajuronline.org interface. The result is inconclusive whether Ser is involved in the binding, as its Hα 1 H NMR peak overlaps with the Hα's of Thr and Pro, and its Hβ has overlapping with one of the ProHδ peaks, contributing further ambiguity to that resonance (at 3.8 ppm). Because the Pro residue is known to be a binding residue, it is likely, at least, that part of the intensity of the peak appearing at 3.8 ppm also belongs to ProHδ. Additional studies will have to be pursued to determine exactly whether Ser is comprised in the peptide-antibody interface, however, it cannot be excluded because of the peak overlapping described. The fact that the cyclic dimer peptide has more interactions (binds better, not necessarily stronger) with the mAb compared to the monomer linear peptide is due to two reasons: 1). its residues are constrained in the cyclic peptide, and 2). the doubly repeat sequence in which either side of the peptide is identical in opposite direction allows it to have a higher probability of binding, a kind of double-edge sword property in term of binding to the antibody.
CONCLUSION
In conclusion, we have synthesized a cyclic dimer mucin peptide with the sequence GVTSAP-DGVTSAPD and showed that it possesses Muc1 monoclonal antibody binding activity by STD NMR. Almost all of the aliphatic protons of all its amino acid residues gave rise to STD NMR peaks suggesting that most of, if not all, its residues have interactions with the antibody because of its two identical chains of the peptide. Ambiguity does exist in the binding of Ser residue and some of the αH's due to overlapping resonances. The results clearly showed that the protons of Pro residue and those of the methyl groups of Ala, Thr and Val have interactions with the antibody, signifying the importance of hydrophobic interaction. The data of this study may further suggest the potential usefulness of the cyclic dimer mucin peptide as an additional antigenic valence in immunotherapy of cancer research.
